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Abstract

Soluble guanylate cyclase (sGC) is responsible for transducing the gaseous signaling molecule 

nitric oxide (NO) into the ubiquitous secondary signaling messenger cyclic guanosine 

monophosphate in eukaryotic organisms. sGC is exquisitely tuned to respond to low levels of NO, 

allowing cells to respond to non-toxic levels of NO. In this review, the structure of sGC is 

discussed in the context of sGC activation and deactivation. The sequence of events in the 

activation pathway are described into a comprehensive model of in vivo sGC activation as 

elucidated both from studies with purified enzyme and those done in cells. This model is then used 

to discuss the deactivation of sGC, as well as the molecular mechanisms of pathophysiological 

deactivation.
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1. Introduction

In the 1980s, nitric oxide (NO) was first characterized as critical to both innate immunity 

and endogenous signaling in animals [1–5]. NO was the first gaseous signaling molecule 

synthesized by animals to have its biochemical signaling pathway fully described [2]. 

Physiologically, NO signaling causes relaxation of vascular smooth muscle, inhibition of 

platelet aggregation in the vasculature, and modulation of various forms of 

neurotransmission [6,7]. Beyond these well-established functions, additional aspects of NO 

signaling continue to emerge, including in insect development and sensory systems [8], as 

well as in human pathologies, such as early-onset achalasia [9] and cancer proliferation [10].
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Soluble guanylate cyclase (sGC), a eukaryotic nitric oxide receptor, is a central component 

in NO−dependent signaling [3,11]. sGC converts 5’-guanosine triphosphate (GTP) to 3’,5’-

cyclic guanosine monophosphate (cGMP). When NO binds to sGC, enzyme activity 

increases several hundredfold, transducing the gaseous paracrine-signaling molecule to a 

ubiquitous secondary signaling molecule. The molecular details of how NO activates sGC to 

maximal physiological activity are not fully understood, though much progress has been 

made.

Aberrations resulting in decreased function of this sGC-dependent signaling pathway have 

been linked to multiple pathologies, including cardiovascular disease, hypertension, asthma, 

and neurodegeneration [12,13]. Many emergent pharmaceuticals seek to increase sGC 

activity in these diseased states. One set of examples are the sGC stimulators, initially 

exemplified by the benzylindazol compound YC-1 [14] and culminating in Bayer’s riociguat 

(Adempas*), the latter was approved by the FDA in – to treat pulmonary arterial 

hypertension and chronic thromboembolic pulmonary hypertension [15]. This class of 

molecules has also added to our understanding of the NO−dependent activation mechanism 

of sGC, however it is still unclear how these molecules by themselves promote the active 

conformation of sGC [16,17].

This review combines structural and functional aspects of NO−dependent activation and 

deactivation of sGC to build a model of sGC activation in vivo. Stimulators and activators 

are discussed in the context of physiological activation, and interested readers are directed to 

other reviews [17,18] that are dedicated to these small molecules.

2 Structure of soluble guanylate cyclase

Soluble guanylate cyclase is a heterodimer comprised of an α and a β subunit (Fig. 1A). 

Multiple isoforms of these two subunits have been identified, yet sGC is most commonly 

expressed as a heterodimer composed of α1 and β1 subunits (Uniprot IDs of Homo sapiens 
α1 and β1 proteins: Q02108 and Q02153) [19]. Each subunit consists of four domains: a 

heme nitric oxide and oxygen binding (H−NOX) domain [20], a Per-Arnt-Sim (PAS)-like 

domain, a coiled-coil (CC) domain, and one subunit of the catalytic heterodimer (CAT). 

Although the H−NOX subunit structures are similar, only the β subunit has the capacity to 

bind heme. Since a high-resolution structure of full-length sGC has yet to be obtained, the 

vast majority of structural information is derived from isolated domains of sGCs. Others 

have recently reviewed the structure of sGC [21,22], and thus the discussion here will be 

limited to pertinent details and recent developments.

H−NOX domains, also known as heme nitric oxide binding (HNOB) or sensor of nitric 

oxide (SONO) domains [23], consist of an N-terminal alpha helical subdomain and a C-

terminal subdomain composed of alpha helices and four antiparallel beta sheets. A single 

heme cofactor binds in a central cavity between the two subdomains (Fig. 1B). The N-

terminal and C-terminal subdomains are termed distal and proximal, respectively, with the 

proximal subdomain defined by the presence of a heme-ligating histidine residue (termed the 

proximal histidine). H−NOX domains are also found as stand-alone proteins in prokaryotes 

[24], and the study of these proteins has greatly improved our understanding of how these 
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domains bind gaseous ligands and transduce chemical signals [25–28]. These studies, as 

well as spectroscopic studies of sGC, showed that NO initially binds to the 5-coordinate (5c) 

high-spin ferrous heme cofactor (5c His−Fe2+), which leads to a transient 6-coordinate (6c) 

complex (6c His−Fe2+−NO) [29–31]. This complex, driven by the strong σ trans effect NO 

exerts on the proximal histidine, spontaneously dissociates to the 5c low-spin ferrous 

nitrosyl complex (5c Fe2+−NO) [32]. In turn, cleavage of the iron-histidine bond results in a 

90° rotation of the α-helix (α F) that contains the histidine; this conformational change is 

thought to be the initial step in propagating the NO signal [33]. Some studies have examined 

the next steps in signal transduction pathway by examining other residues on the α F helix, 

however, it remains unclear exactly how these events confer full activity to the enzyme 

[34,35].

The PAS and CC domains of sGC have been studied less by comparison, though their 

function in sGC signal transduction is likely important. PAS domains are versatile as they 

can play varied roles in different proteins, such as quaternary structure organization, cofactor 

binding, and signal transduction [36–38]. Indeed, in sGC the PAS domains are implicated in 

dimerization [39], gas binding [40], and Hsp90-mediated heme insertion [41]. Additionally, 

the crystal structure of the Manduca sexta sGC α1 PAS domain was recently solved, 

revealing an extra beta strand and a flexible helix that could be important for transducing the 

NO signal [42]; however, the exact mechanism of signal transduction is still not fully 

understood. The first crystal structure of the β CC domain in sGC exhibited the coils 

oriented in an anti-parallel orientation [43]. More recently, cross-linking mass spectrometry 

and single particle electron microscopy experiments suggest that the orientation of these 

helices are parallel in the native structure [40,44]. Through the use of hydrogen deuterium 

exchange mass spectrometry, the linker region between the PAS and the CC domains has 

been shown to undergo remarkable solvent exchange dynamics with the addition of NO, 

suggesting that conformational changes affect this linker region in an NO−dependent 

manner [45]. Since the PAS/CC linker region appears to be important for transducing the 

NO signal, additional studies to elucidate the molecular details of this process will be very 

important.

The CAT domains of sGC are members of the Class III nucleotide cyclase domain family, as 

determined by sequence analysis and secondary structural motifs [46–49]. The CAT 

domains form a heterodimer: one active site and one pseudosymmetric site are formed at the 

interface of the a and p subunits. ATP is a mixed-type inhibitor of sGC and this 

pseudosymmetric site is proposed to be the site of ATP action [16,50,51]. The interested 

reader is directed to the review in this issue by Childers et al. for more details on the 

structure and function of the CAT domain.

A full-length crystal structure of sGC has yet to be obtained, likely due to conformational 

flexibility in the quaternary structure in conjunction with challenges of expressing 

sufficiently large quantities. However, Campbell et al. [44] successfully used single particle 

electron microscopy to visualize the quaternary structure of sGC. The H−NOX and PAS 

domains were clustered in a heterotetramer-like lobe at one end of the particle, while the 

CAT domains formed a tight heterodimeric lobe on the opposing end with the CC domain 

forming a bridge (Fig. 2). These studies showed that sGC is highly flexible in the presence 
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and absence of NO, independent of the pH of the stain. Recently, Vercellino et al. [52] 

solved the first crystal structure containing both the CC and the CAT domains of an 

adenylate cyclase from Mycobacterium intracellulare. Because these structural motifs are 

conserved across many nucleotidyl cyclases, this crystal structure can be used to improve 

modeling of the quaternary structure of sGC, as shown in Fig. 2.

There are two hypotheses that predict how the quaternary structure of sGC changes upon 

NO activation. It has been postulated that the β H−NOX domain comes in direct contact 

with the α CAT domain through space to inhibit CAT domain activity (Fig. 3A). 

Alternatively, it has been proposed that the signal transduction event occurs through the 

protein backbone (Fig. 3B). The hypothesis that the β H−NOX domain directly inhibits the 

catalytic activity is based on individual H−NOX domain inhibition of catalytic activity in 
trans, and cross-linking experiments establishing contacts between these two domains 

[40,53]. Support for the signal transduction event to take place through the protein backbone 

comes from the observation of NO−independent flexibility observed by electron microscopy 

[44]. While it is possible that some continuum between these two extremes is 

physiologically relevant, what, if any, conformational change occurs in sGC during signal 

transduction remains an outstanding question in the field.

3. Activation of soluble guanylate cyclase

The molecular steps involved in sGC activation have evolved significantly over the last 

several years. The key studies are outlined below, but here we provide an overall summary. 

The activation mechanism of sGC was initially proposed to be relatively simple, where the 

5c Fe2+−NO heme complex generated upon NO binding led to fully active enzyme. Detailed 

kinetic studies on NO binding to the heme and enzyme activity has led to a more 

complicated mechanism, perhaps in hindsight not unexpected given the pivotal role played 

by sGC in human physiology. There are two aspects to NO activation of sGC. The first 

involves the formation the 5c ferrous nitrosyl heme complex, and the most recent evidence is 

consistent with a distal version of this species (5c Fe2+−NO). sGC treated with 1 equivalent 

of NO is activated to only ~15% of maximal activity. Addition of excess NO fully activates 

sGC and increases the rate at which the 5c Fe2+−NO heme complex forms from the 6c His

−Fe2+−NO species. All evidence points towards a second NO binding site for the action of 

this excess NO as discussed below.

3.1. NO binding to the H−NOX domain

It is well established that the first step in sGC activation is NO binding to the 5c His−Fe2+ 

heme cofactor in the β1 H−NOX domain [29–31]. The resulting 6c His− Fe2+−NO complex 

has been observed by stopped-flow UV-Vis spectroscopy and electron paramagnetic 

resonance (EPR) spectroscopy with samples prepared at 4 °C or lower to slow iron–histidyl 

bond scission [29,54–57]. The strong 0 trans effect of NO ruptures the iron–histidyl bond 

(k6c → k5c = 50,000M−1s−1), resulting in a 5c Fe2+−NO heme complex, which exhibits a 

relatively long half-life in solution (koff for NO = 0.0006 s−1) compared to other species in 

sGC activation (discussed below) [30,58]. Even so, it was only recently that Herzik et al. 

solved a crystal structure of the 5c ferrous nitrosyl H−NOX domain, using the H−NOX 
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protein from the gamma proteobacterium Shewanella oneidensis (So) [33]. This study also 

used a stable 6c His−Mn2+−NO porphyrin complex to characterize possible structural 

changes in the H−NOX domain due to gas binding, removing the complication of iron–

histidyl bond cleavage [59]. The root mean square deviation of the atoms in the 5c His

−Mn2+ structure aligned to the 6c His−Mn2+−NO structure was 0.099 Å, indicating that the 

driving force behind iron–histidyl bond cleavage is the 0 trans effect of NO rather than any 

structural rearrangement resulting from ligand binding. These results support the hypothesis 

that the H−NOX conformational change is dependent on iron–histidyl bond cleavage 

[29,59].

Two hypotheses have been proposed for H−NOX conformational change required to initiate 

a gas-induced activity change in a response regulator. Ma et al. solved crystal structures of 

the unliganded, NO−bound, and CO-bound H−NOX protein from Nostoc sp., and found that 

in this H−NOX, both ligands formed 6c complexes. The authors proposed a heme pivoting 

mechanism that is dependent on gas binding for signal transduction. Herzik et al. compared 

the structures of Shewanella oneidensis with and without NO and described a relative 

motion of the N-terminal and C-terminal subdomains along a pair of conserved glycines, 

termed the “glycine hinge” (Fig. 1B). However, the mechanism of H−NOX induced 

conformational change resulting in activation of sGC is currently not known, and await high 

resolution structures of full-length sGC with and without NO bound for clarification of these 

possibilities.

3.2. Connecting NO binding to iron–histidyl bond cleavage

Stone et al. [54] first observed an unexpected phenomenon that indicated interaction of NO 

with sGC is not as simple as NO binding to the heme: the rate of conversion of 6c His−Fe2+

−NO to 5c Fe2+−NO depends on the concentration of NO. This result was then expanded 

upon by Zhao et al. (Fig. 4) [29]. This surprising concentration dependence implies that a 

second molecule of NO must interact with the 6c His−Fe2+−NO sGC enzyme to influence 

the rate of iron–histidyl bond dissociation. There are several proposals for this additional 

interaction: a second, non-heme NO binding site that could be covalent or non-covalent; 

nucleophilic addition of NO to the heme-bound NO; or a second NO binding to the proximal 

side of the heme. These proposals remain somewhat contested [60,61], and the molecular 

basis for this concentration dependence has yet to be conclusively demonstrated. Given that 

two of the proposals are difficult to test experimentally, namely nucleophilic addition of NO 

to the heme-bound NO and a hydrophobic site specific for NO, in this section we review the 

major studies that seek to determine whether this dependence on NO concentration of 

histidine dissociation is due to a second NO binding event on the proximal side of the heme. 

The next section of the review will be devoted to articles focused on a second non-heme NO 

binding site.

When the hypothesis that NO could bind to the proximal side of the heme was first proposed 

in 1999 by Zhao et al. [29], cleavage of the iron–histidyl bond was considered to be the only 

step necessary to fully activate sGC. NO first must bind to the distal side of the heme 

forming a transient 6c His−Fe2+−NO complex before iron-histidine bond cleavage leading to 

5c Fe2+−NO (Fig. 5A, species (1) → (2) → (3)). Accordingly, the re-formation of the iron–
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histidyl bond was thought to be the only step involved in sGC deactivation. When NO binds 

to the distal face of the heme (5c Fe2+−NO), the dissociation path is straightforward. By the 

principle of microscopic reversibility, NO would dissociate in the reverse path of its 

association (Fig. 5A, species (3) → (2) → (1)). However, if NO binds to the proximal face 

of the heme (5c NO−Fe2+), it is not clear how NO would dissociate, assuming the generation 

of a 4-coordinate porphyrin is energetically unfeasible (not depicted) (Fig. 5B, (5) → (1)). 

Without excess NO (or another ligand) to bind and reform a 6c species, the dissociation of 

proximal NO would not be easily reversed.

Nonetheless, several studies have found NO bound in the proximal pocket of bacterial H

−NOX proteins and in the H−NOX domain of sGC. In the NO−bound crystal structure of So 
H−NOX mentioned above, electron density corresponding to the NO ligand was observed on 

the proximal side of the heme (5c NO−Fe2+). In this structure with the proximal ligation of 

NO, the proximal histidine was shifted 8.5 Å and the αF helix rotated 90° (Fig. 1B). 

Proximal NO ligation was also observed in an earlier crystal structure of cytochrome c’ from 

Alcaligenes xylosoxidans. Although the protein structures are unrelated, this cytochrome c’, 

also forms a 5c NO−Fe2+ heme cofactor via a 6c dinitrosyl complex (6c NO−Fe2+−NO) 

[62]. However, the crystal structure of the So H−NOX domain provided the first 

crystallographic evidence that NO can bind to the proximal side of the heme in H−NOX 

domains, and thus potentially in sGC. The structure of the 5c NO−Fe2+ H−NOX exhibited a 

displacement of the distal domain by 2.5 Å compared to the 5c His−Fe2+ structure, when the 

two structures were aligned by the proximal domain (Fig. 1B). A similar displacement was 

also observed in prokaryotic O2-sensing H−NOX domains, suggesting that these structural 

changes upon gas binding may be universal for the signal transduction of gases through H

−NOX domains, including in sGC [63].

In 2012, Martin et al. [56] found that NO could coordinate to the proximal side of the heme 

in full-length sGC. Rapid freeze quench (RFQ) EPR with isotopically labeled NO was used 

to discern which isotopes of NO bound to the heme under sequential mixing conditions. 

First, 5c His−Fe2+ sGC was mixed with 14NO to generate 6c His−Fe2+−14NO, then 15NO 

was added and the samples were rapidly frozen after approximately 5 s. Isotopically mixed 

5c samples were measured by EPR, implying the formation of two different populations: 

ferrous nitrosyl heme with either 14NO or 15NO bound. Although this EPR experiment does 

not distinguish between NO bound to the distal or the proximal side, the experimental design 

was such that the NO isotope used in the second addition must initially bind to the proximal 

side. The authors were able to show that the ratio of 14NO:15NO bound to sGC was 

influenced by the concentration of 15NO used. For example, whereas an equimolar 

concentration ratio of 14NO:15NO gave sGC populations with 43:57 (14NO:15NO) bound, 

ten-fold excess of 15NO led to an sGC population of 15:85 (14NO:15NO). This concentration 

dependence indicates that on this timescale, NO−Fe2+−NO forms, however it is not clear 

how many times NO is binding to the heme so NO could be proximal or distal (species (3), 

(4), and (5) in Fig. 5). Under these conditions on the timescale of milliseconds to seconds, 

NO is binding to the proximal side of the heme, and the authors conclude that the proximal 

side of the heme is the site where the second NO molecule binds.
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Conversely, Yoo et al. [30] studied the motion of the proximal histidine of sGC with NO 

present by using time-resolved absorption spectroscopy on timescales from nanoseconds to 

milliseconds, and did not see evidence of NO binding to the proximal side of the heme. 

Previous work by the authors established that laser flash photolysis of ferrous nitrosyl heme 

to generate the 4c Fe2+ species resulted in 97% geminately recombined ferrous nitrosyl 

heme (τ = 7.5 ps) [64,65]. They then examined the 3% of heme that did not geminately 

recombine with NO; this population rebound the proximal histidine to form 5c His−Fe2+ (τ 

0 = 70 ps). Following this 5c His−Fe2+ species, four specific transitions were identified 

spanning nanosecond to millisecond timescales (Fig. 6). Of these, the first two spectral 

changes to occur were unaffected by NO concentration: 6c His−Fe2+−NO formation (τ1 = 

6.5 ns), and the subsequent iron–histidyl bond scission to form 5c Fe2+−NO (τ2 = 0.66 is). 

These early events were attributed to geminate recombination of NO to the heme after the 

laser pulse has ended, and subsequent iron–histidyl bond rupture. The spectral changes 

resulting from geminate recombination of NO (τ1and τ2) are an outcome of the experimental 

setup where the initial condition of ferrous nitrosyl sGC is followed by NO dissociation 

from the heme. Additional processes occur on longer timescales and are dependent on NO 

concentration: 6c His−Fe2+−NO formation (τ3) and iron–histidyl bond scission (τ4). 

Concentrations of 20 μM and 200 μM were used, bracketing the lifetimes of these processes 

at 50 μs ≤ τ3 ≤ 250 is and 10 ms ≤ τ4 ≤ 43 ms, which are consistent with bimolecular rates 

measured by stopped-flow UV-Visible spectroscopy [29]. The authors conclude that these 

four observed kinetic transitions can be described by a model where NO only binds to the 

distal side of the heme, at least within a window of 200 ms following initial NO binding.

Importantly, Yoo et al. [30] observed that the slow iron–histidyl bond rupture (τ4) is NO

−dependent, consistent with results from Zhao et al. [29] The transition that is dependent on 

NO concentration is strictly 6c His−Fe2+−NO to 5c Fe2+−NO. Since no spectral signature of 

the 6c NO−Fe2+−NO was observed (or any higher Fe2+ coordination species as has been 

postulated), the hypothesis that the NO dependence of the iron–histidyl bond scission is 

caused by NO binding to the proximal side of the heme is not supported by this data [56]. It 

is noteworthy that the lifetime of the fast iron–histidyl bond scission (t2) is independent of 

NO concentration and is faster than the predicted timescale for protein conformational 

changes (1–50 is), suggesting there is an additional, unobserved change in sGC that has 

different effects on the fast and slow iron–histidyl bond dissociation rates. However, for the 

reasons outlined above, this change cannot be a result of proximal NO binding. It has also 

been shown that treating sGC with excess NO then rapidly quenching the reaction activates 

sGC on sub-second time scales, as fast as 200 ms [29]. When evaluated in the context of the 

time-resolved data, this suggests that bimolecular NO binding and iron–histidyl bond 

cleavage occurs prior to sGC activation, but before proximal NO formation.

On timescales shorter than a second, it appears that sGC does not form a proximal NO 

complex. However, such a complex may form under steady-state conditions. One result of 

this hypothesis would be that the 5c NO−Fe2+ species would require excess NO to access 5c 

Fe2+−NO via a 6-coordinate intermediate (Fig. 5B, species (5) → (3)), and thus would be 

predicted to dissociate more rapidly with excess NO than with substoichiometric NO. To 

evaluate whether the proximal NO complex forms under steady-state conditions, Guo et al. 

[66] measured the NO off-rate for a bacterial H−NOX from S. oneidensis under steady-state 
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conditions with substoichiometric or excess NO. However, the observed off-rates were the 

same within experimental error and are inconsistent with a model where the primary species 

in solution is 5c NO−Fe2+. Double electron-electron resonance electron paramagnetic 

resonance (DEER-EPR) spectroscopy was then used to measure the distance from NO to a 

spin label bound to a surface cysteine residue located 23 Å from the distal side of the heme 

and 28 Å from the proximal side of the heme. This experiment enabled the differentiation of 

NO bound to the proximal and distal sides of the heme. While some proximal NO is 

observed in the presence of excess NO, the major species was in all cases 5c Fe2+−NO. In 

fact, when treated with excess NO and then that excess was removed, NO in that case was 

found only in the distal position.

Given the disparate conclusions from these studies, is it possible to reconcile these 

differences into a unified model for sGC activation? One hypothesis is that the proximal NO

−bound species is more rigid than the distal analog, which enabled the selective 

crystallization of proximal-bound NO H−NOX. Both the RFQ-EPR and DEER-EPR studies 

indicate that the proximal NO species can form with sufficient time and NO concentration, 

however, the primary species at equilibrium is the distal NO complex. If the proximal NO 

complex were to form, it would occur after the iron–histidyl bond has been broken and sGC 

has already been activated, given the timescale of these processes. Taken together, it appears 

that NO binding to the proximal side of the heme is likely not the reason for the NO 

dependence of iron–histidyl bond scission which, in turn, is necessary but not sufficient for 

physiological activation of sGC.

3.3. NO binding to the second site of sGC for full physiological activation

Alternative hypotheses exist to explain the NO dependence of the iron–histidyl bond 

cleavage. Specifically, several groups have postulated that a second, non-heme NO binding 

site exists elsewhere on sGC. Here, the biochemical evidence for this secondary binding site 

will be discussed.

The first biochemical evidence for a second NO binding site was characterized by Bellamy 

et al., in 2002 [67]. The authors measured the activation of sGC using constant or clamped 

NO concentrations (where the addition of a NO donor is in equilibrium with a NO 

scavenger) and found that the Hill coefficient of sGC to be 2.1. This suggests that there is 

cooperativity in the binding of more than one NO molecule to sGC, and the molecular steps 

in full activation of sGC involve more than NO binding to the heme. In 2004, Russwurm et 

al. [68] measured both the UV-Vis spectrum and the activity of sGC in the same sample. 

Upon the addition of excess NO, the UV-Visible spectrum remained unchanged, but the 

activity increased dramatically compared to substoichiometric amounts of NO. The authors 

found they could generate a low activity state of sGC by either adding a sub-stoichiometric 

amount of NO relative to sGC, or by removing excess, non-heme bound NO by a buffer 

exchange. These results suggested that sGC exists in two different activity states, depending 

on the concentration of NO, without any changes to the 5c ferrous-nitrosyl heme. The 

proposed second site has a dissociation constant much higher than that of the heme cofactor 

(Kd < 1.2 × 10−12M) [29]. The substiochiometric, low-activity state will be henceforth 

referred to as the 1−NO state, indicating that one NO is bound to sGC at the heme and the 
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enzyme is in a low activity state. The occupancy of the heme by NO under these conditions 

is 100%.

In 2005, Cary et al. [16] compared enzymatic activity to the dissociation rate of NO in sGC. 

The authors found that sGC deactivates over 150 times faster than NO dissociates from the 

heme with purified enzyme, indicating that NO dissociation does not directly cause sGC 

deactivation. These results suggest that a binary model of sGC activation and deactivation is 

likely incomplete. Corroborating Russwurm’s data, the authors isolated 1-NO sGC with low 

activity by using two different traps that bind excess, non-heme bound NO, further 

indicating that breaking the His−Fe2+ bond is not sufficient to fully activate sGC. 

Additionally, the authors found that YC-1, a known stimulator of sGC activity, fully 

activates the 1-NO state and has only a small effect on the activity of sGC when excess NO 

is present. Subsequent deactivation of the 1-NO sGC with YC-1 present occurs slowly. This 

result is critical to discussing the activation of sGC in cells, discussed below. The model 

proposed in this paper is a three-activity model of sGC, where sGC has basal activity 

without NO, ~15% activity with one equivalent of NO, and 100% activity when excess NO 

is present.

In a slightly different approach, Derbyshire et al. [69] used butyl isocyanate (BIC) as a 

ferrous distal heme ligand (6c His−Fe2+-BIC) to block diatomic gases from binding to the 

heme. With BIC as the distal ligand, it was found that the addition of excess NO resulted in 

a slight shift in the Soret band from 429 nm to 432 nm. This result indicates that excess NO 

affected the heme environment without replacing the BIC ligand, as ferrous nitrosyl heme 

would exhibit a Soret band at 399 nm. BIC-bound sGC was activated 5-fold over basal 

activity in the absence of NO, compared to BIC-bound sGC with excess NO was activated 

89-fold over basal. Addition of dithionite, which reacts with all non-heme bound NO, 

eliminated this additional activity. Together, these findings strongly suggest that there is a 

second, non-heme NO binding site whose occupancy is required for full sGC activation.

Fernhoff et al. [70] hypothesized that the second NO molecule interacts with a cysteine 

residue on sGC. In this study, the authors used S-methyl methanethiosulfonate (MMTS), a 

small molecule that reversibly reacts with thiols to form an S-methyl-cysteine disulfide 

bond. When the cysteines of sGC formed a disulfide bond with MMTS, the activity was ~ 

15% of maximal activity with excess NO (Fig. 7A) and is nearly identical to the activity of 

the 1-NO state (Fig. 7D). Under these conditions, all heme was found to be in the ferrous 

nitrosyl state. Maximal activity was restored upon the addition of excess thiol to remove the 

MMTS label, thus returning the cysteine disulfides to the native thiol (R-SH) (Fig. 7C). 

Excess MMTS did not affect the basal activity of sGC (Fig. 7B).

The interaction of thiols and NO is not a new idea. S-nitrosation is a known chemical 

modification of proteins that has been studied for nearly two decades. However, formation of 

S-nitrosothiols (RSNO) requires a one-electron oxidation of NO, and is thus dependent on 

the presence of an oxidant. Conversely, sGC activation does not dependent on oxidation 

[70]. Additionally, the half-life of an S-nitrosothiol is on the order of hours, which is far 

longer than the timescale of sGC deactivation which occurs in seconds. Therefore, the 

authors proposed that NO interacts with an sGC cysteine as a transient S-nitrosylthiol radical 
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anion (RSNO●−). While RSNO●− and RNSO differ by only one electron, that single 

electron dramatically changes the properties of the complex. The half-life of an S-

nitrosylthiol radical anion could be stabilized by adjacent residues via electrostatic 

interactions. Additionally, the nucleophilic addition of a thiolate to NO to generate RSNO●− 

is freely reversible. Such an interaction is commensurate with the concentration of free NO 

in cells and provides a rapid physiologically-relevant deactivation mechanism of sGC. Since 

the critical cysteine(s) involved in this transient interaction have yet to be identified, the NO

−cysteine interaction remains a hypothesis, albeit with compelling evidence to support it.

An NO−cysteine interaction could explain the NO-dependence of τ4, but not τ 2, as 

observed by Yoo et al. [30] Those authors described a structural change in sGC that occurs 

on a timescale between τ 2 and τ 3 in order to account for the vastly different time scales of 

iron–histidyl bond cleavage. However, no explanation why τ 4, but not τ 2, depends on NO 

concentration was provided. An interaction between NO and a cysteine is likely to occur on 

this timescale and induce the observed structural transition. This conformational change 

could then influence the cleavage of the iron–histidyl bond, thereby accounting for the NO-

dependence of τ 4.

Cary et al. [16] showed that small molecule sGC stimulators synergize with the 1-NO state 

of the enzyme. However, discovering precisely how NO and stimulators activate sGC to 

maximal activity is of great interest and directly relevant to the therapeutic action of these 

molecules. Despite a number of studies that seek to identify or narrow down the site of 

stimulator binding [71–79], the mechanism by which sGC activity is increased is still 

unknown. A recent study by Wales et al. [80] localizes the stimulator binding site between 

the N- and C- terminal subdomains of the β1 H−NOX domain, clarifying the specificity of 

these stimulators to sGCs. Further studies focused on the interaction between stimulators 

and sGC residues will parse out the necessary steps for stimulator activation and their 

synergy with NO.

3.4. sGC activation in cells

sGC activation should occur on similar timescales with the same ligand dependence, 

whether measured with purified enzyme or in cells. If this is not the case, it could signify 

that additional cofactors or binding partners are missing with studies conducted with purified 

enzyme. Measuring sGC activity directly in cells is challenging experimentally, and yet 

significant progress has been made toward this goal. Bellamy et al. [81] constructed an 

apparatus to reliably quench rat cerebellar cell suspensions on millisecond timescales. No 

lag in the synthesis of cGMP was detected, even at 20 ms after addition of NO, indicating 

that sGC is activated on sub-millisecond timescales at cellular concentrations of sGC. This is 

in agreement with the timescale of sGC activation as measured with purified enzyme [29].

Concerning the ligation state of sGC, there is currently no accurate method to measure the 

ligation state of heme cofactors in vivo. However, the assumption that sGC in cells has NO 

bound to the β H-NOX domain is based on two different sets of experiments. The first is that 

free NO has been measured by a variety of techniques, including fluorescent probes, NO 

biosensors, and several other methods. These studies indicate that the physiological 

signaling concentrations of NO are between 100 pM and 5 nM [82–86]. This is 100 to 1000-
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fold higher than the dissociation constant for NO bound to the H−NOX domain of sGC (Kd 

< 1.2 × 10−12 M) [29]. Based on these values, it seems likely that the resting ligation state of 

sGC in cells is 5c Fe2+−NO. The second set of experiments examined the effect of adding a 

small molecule sGC stimulator to human umbilical vein endothelial cells [70]. Without the 

addition of excess NO, YC-1 was able to stimulate sGC activity. As work with purified 

enzyme shows YC-1 has very little effect on 5c His−Fe2+ sGC, this implies there is a ligand’ 

bound to the heme cofactor of sGC in cells.

As discussed, measuring the ligation state of sGC in cells has been a formidable challenge. 

From work with purified enzyme, NO dissociates slowly from the heme, even in the 

presence of ATP and GTP [16]. However, either with purified enzyme or experiments done 

in cells, sGC activity quickly decreases once NO is removed [16,68,84,86]. Roy et al. 

measured the EC50 of sGC in rat platelets to be 11 ± 1 nM, with a Hill coefficient of 1.2 

± 0.1, and the authors concluded that sGC possesses one binding site for NO in this 

concentration range (approximately 1 nM-200 nM NO) [84]. One interpretation from these 

data is that the one binding site measured was for the heme. However given that the Kd of 

the H-NOX domain for NO is four orders of magnitude below the EC50 [29] and the Hill 

coefficient for NO activating purified sGC is 2.1, [67] another interpretation of these data is 

that sGC in cells already has NO at the heme and the one binding site measured is the 

second site cysteine interaction.

Using the recently developed fluorescent cGMP biosensor δ-FlincG, Batchelor et al. [85] 

measured sGC activation at very low concentrations of NO, in the picomolar range. They 

developed a model that accounts for both sGC activation and the phosphodiesterase activity 

that degrades the cGMP signal. An increase in activity at such a low NO concentration is 

unusual, but the authors argue that the efficiency of signal transduction (defined as the 

turnover of enzyme per molecule of NO) is highest under these conditions. These 

experiments demonstrate that sGC can respond to exquisitely low amounts of NO, much 

lower than previously thought. The EC50 for NO in these studies depended on the relative 

concentrations of sGC and phosphodiesterase, however it is likely between 1 and 10 nM, in 

agreement with other studies done in platelets and astrocytes [87,88]. Thus, studies 

conducted in cells are consistent with work with purified enzyme and demonstrate that sGC 

activates on sub-second timescales, the ligation state of the H-NOX is likely 5c Fe2+−NO, 

and sGC can respond to low amounts of NO.

4. Deactivation of soluble guanylate cyclase

4.1. Physiological deactivation of sGC

sGC deactivation is rapid following the removal of free, excess NO, both in cells and with 

purified enzyme [81,89]. To understand deactivation, the physiological concentrations of NO 

and sGC in cells must be considered. A recent estimate of sGC concentration in cells is 2 

μM, deduced from cGMP formation in platelets using the kinetic parameters of isolated sGC 

[85]. Additionally, by deleting one isoform of the α-subunit of heterodimeric sGC and 

measuring the vascular response in both control and knockout mice, one study found that 

fewer copies of sGC can still elicit a full physiological response [90]. Thus, there is general 

agreement that sGC is present in excess relative to NO in cells.
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As mentioned above, the ligation state of sGC in cells is assumed to be 5c Fe2+−NO. This 

hypothesis stands in apparent contrast to the measured intracellular abundances of sGC (~ 2 

μM) and NO (~ 1 nM); however, it should be noted that measurements of NO in cells is 

likely an underestimation as these data come from measurements made on free NO and thus 

sGC-bound NO is not accounted for in these estimations. Thus, since the measured 

concentration of free NO is higher than the dissociation constant of NO from the sGC heme 

(Kd < 1.2 × 10−12M) [29], we assume that all sGC in cells will have NO bound. 

Additionally, the half-life of most human proteins is on the order of hours, so even if not 

every sGC heterodimer is bound by NO immediately post translation, the majority of the 

population will exist long enough to bind to NO [91]. Consequently, all sGC in cells would 

be in the low-activity, 1-NO state (Fig. 8, middle). When the local concentration of free NO 

increases to nanomolar concentrations, NO will interact with the second binding site, and a 

small fraction of sGC will be converted to the fully active state. The estimation of nanomolar 

concentrations as the apparent Kd of the second site is deduced from the concentration of 

NO necessary to fully activate both purified sGC [54] and sGC in cells [84]. In this model, 

deactivation of this fraction is straightforward: as the concentration of NO decreases below 1 

nM within a cell, the dissociation constant for the second site will favor NO release, 

returning sGC to the 1-NO state.

sGC stimulators were initially characterized as NO-independent, heme-dependent 

modulators of sGC activity. Indeed, in cell studies, stimulators increase sGC activity in the 

absence of excess NO. However, with purified enzyme, ligand binding to the heme is 

required to increase sGC activity, although the ligand can be either NO or CO. These 

differences can be reconciled by returning to the three-activity model. In cells, where the 

ligation state of the heme is assumed to be 5c Fe2+−NO, the exogenous stimulator alone can 

render sGC fully active without the addition of additional NO. This model was further 

supported by cell studies where human umbilical vein endothelial cells (HUVECS) were 

pre-treated for 2 h with a nitric oxide synthase inhibitor Nω-nitro-L-arginine methyl ester, 

essentially removing NO from the cells. Upon addition of YC-1, it was found that sGC 

activity in cells, as measured by cGMP production, was severely decreased [70], suggesting 

that a heme ligand is also necessary to activate sGC with YC-1. Deactivation proceeds once 

the stimulator concentration decreases below stimulator’s Kd for sGC.

4.2. Pathophysiological deactivation of sGC

Low sGC activity has been implicated in several pathologies, including cardiopulmonary 

disease, hypertension, asthma, and neurodegeneration [12,92,93]. In particular, several 

studies have shown that prolonged oxidative stress deactivates sGC and renders it less 

responsive to NO. Currently, two different mechanisms have been hypothesized to explain 

these effects. First, direct oxidation of cysteine thiols to S-nitrosothiols could decrease 

sensitivity to NO by obscuring the putative secondary binding site, thereby preventing a 

necessary conformational change or decreasing substrate binding [94]. Second, oxidation of 

the ferrous heme could yield ferric- and subsequently apo-sGC [95]. The discussion here 

will focus on the molecular details by which sGC deactivates in these pathologies.
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Sayed et al. [96] evaluated the extent of cysteine S-nitrosation of sGC in cells when exposed 

to excess NO. The authors treated smooth muscle cells, cells from rat aorta, and HUVECs to 

varying forms of NO, including S-nitrosocysteine, vascular endothelial growth factor, and 

acetylcholine. The authors found that sGC was S-nitrosated and desensitized to NO. While it 

is known that sGC requires reduced cysteines to function, this study was the first to show 

that S-nitrosation directly leads to desensitized sGC. In a follow-up study, neonatal 

cardiomyocytes were exposed to NO to carry out the S-nitrosations in a biologically-relevant 

environment [97]. After examining the enriched peptides by mass spectrometry, nine new 

sites of S-nitrosation on sGC were identified. While the majority of these sites were 

localized to the CAT domain, two were identified in the active site pocket, suggesting that 

decreased substrate binding may cause desensitization.

Heme oxidation can also affect sGC activity. A recent paper by Surmeli et al. [98] provided 

the first biochemical data showing that ferric sGC loses heme more readily than ferrous 

sGC, confirming a longstanding hypothesis [99]. Apo-sGC is then quickly degraded by cells 

[100]. One study has sought to unify these two modes of deactivation, where ferric-nitrosyl 

heme of sGC may undergo reductive elimination to generate a ferrous heme and an S-

nitrosated cysteine [101]. The authors show that exogenous thiols prevent this S-nitrosation 

event from occurring with ferric-nitrosyl sGC, restoring sGC sensitivity to NO. However 

additional studies are necessary to confirm this hypothesis.

5. Conclusion

The eukaryotic nitric oxide receptor sGC plays a pivotal role in eukaryotic gas signaling and 

is essential for many physiological processes that affect human health. The biochemical 

activation and deactivation of sGC has been challenging to understand, partly because of the 

difficulty in generating large quantities of homogeneous protein, but more so due to the 

complexity of the activation mechanism of the enzyme. To date, the best supported model of 

sGC activation and deactivation is outlined in Fig. 8. In this three-activity model, the first 

molecule of NO binds on the distal side of the heme in the H-NOX domain, resulting in a 

partially activated enzyme. As the concentration of NO increases to nanomolar levels, NO 

interacts with the second site on sGC to fully activate the enzyme. As this concentration 

decreases, NO dissociates from the second site, and returns the enzyme to partial activity.

Moving forward, biochemical investigations centered on sGC should be validated on the 

full-length enzyme whenever possible to ensure catalytic competence. While truncations of 

sGC are easier to obtain, the full-length heterodimer is the only known form to exhibit the 

intricate activation sequence. Advances in structural biology techniques in the past few years

—in particular cryo-electron microscopy—could provide a high-resolution quaternary 

structure of sGC and aid in answering some of the most difficult outstanding biochemical 

questions. Until that time, great care must be exercised in designing experiments to gain 

further understanding of this complex signaling enzyme.
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Box 1.

The heme cofactor in sGC has an inherent sidedness as defined by the presence of the 

coordinating histidine residue (H105 in Homo sapiens β1 sGC). The histidine binds to 

the ferrous iron of the heme cofactor from one side, termed the proximal side. The 

opposing side of the heme is referred to as the distal side. Upon binding of nitric oxide 

(NO) to the distal side of the heme, the strong o trans effect of NO induces rupture of the 

iron–histidyl bond, which is thought to be the first step in signal transduction. However, 

this cleavage event results in the opening of the proximal coordination site for an 

additional NO molecule to bind. To clarify the potential heme ligation states in sGC, the 

following naming convention will be used in this review: 4/5/6c (proximal ligand)−Mn+−

(distal ligand), where 4/5/6c refers to the coordination number of the Mn+ center. For 

example, unliganded ferrous sGC with the proximal histidine bound would be described 

as 5c His−Fe2+, whereas a distal ferrous nitrosyl complex would be termed 5c Fe2+ −NO.
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Fig. 1. Domain and subdomain organization of sGC
A) Schematic of soluble guanylate cyclase domains. The four domains of the a (in orange) 

and p (in blue) subunits are listed above the schematic representation: heme nitric oxide and 

oxygen binding domain (H-NOX), Per-Arnt-Sim domain (PAS), coiled-coil domain (CC), 

and the catalytic domain (CAT). The approximate numbering of the Human α1 and β1 

domains is shown. The heme cofactor, shown as a red diamond, binds to β1 H105. B) 

Motions of heme nitric oxide and oxygen binding domains (H−NOX) upon nitric oxide 

binding. Overlay of the Shewanella oneidensis H-NOX domain in the Fe2+ (wheat, PDB ID: 

4U99) and Fe2+−NO (blue, PDB ID: 4U9B) states. Structures have been aligned by the 

proximal domains (residues 95–180). Displacement of the distal domain and rotation of the 

proximal histidine are noted with arrows. (For interpretation of the references to color in this 

figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Reconstructed full-length representation of sGC.
Using available crystal structures and single-particle electron microscopy data from 

Campbell et al. [40], a representation of the full-length structure of sGC was constructed. 

The subunits are colored as in Fig. 1A. Beginning with two representative EM volumes 

(left), the following crystal structures were fit into the densities: Human α1 and β1 sGC H-

NOX domain homology models were derived from the bacterial H-NOX from Nostoc sp 
(PDB ID: 2O09); Human α1 and β1 PAS domain homology models were derived from 

eukaryotic PAS from C. reinhardtii (PDB ID: 4GJ4) and aligned using the Nostoc 
punctiforme PAS dimer (PDB ID: 2P04); Human α1 and β1 CC domain homology models 

and the human CAT structure (PDB ID: 4NI2) were aligned to the Mycobacterium 
intracellulare adenylate cyclase structure (PDB ID: 505l), chains C and D, and adjusted to fit 

within the volumes. These crystal structures have been fitted into the densities and are shown 

as ribbon diagrams (middle). The two extreme conformations of sGC are shown and labeled 

as “Extended” and “Contracted”. The space-filling model of both conformations is shown 

(right). All homology models were generated using thePhyre2 web portal [102].
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Fig. 3. Quaternary domain organization of sGC upon NO activation.
It is predicted that some spatial reorganization of the sGC domains occurs when NO 

activates the enzyme. A) Self-inhibition of sGC through contact of the β H-NOX domain to 

the α CAT domain, termed the contracted conformation. Upon NO binding, this contact 

would be released allowing a conformational change into the extended conformation which 

in full catalytic activity. B) When NO is not bound, the tertiary structure holds sGC in a non-

active conformation while the quaternary structure is flexible (not depicted). Upon NO 

binding, structural rearrangements occur along the protein backbone, which results in full 

catalytic activity.
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Fig. 4. Nitric oxide dependent spectral transitions in sGC.
Both the formation of the 6c ferrous nitrosyl complex and cleavage of the iron–histidyl bond 

are dependent on NO concentration. A) The absorbance at 431 nm, which corresponds to 

Soret maximum the 5c ferrous-histidine complex, decreases with time as sGC interacts with 

the indicated NO concentrations (in μM). B) Dependence of the slow and the fast rates 

extracted from A) on NO concentration. Adapted from Ref. [29].
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Fig. 5. Nitric oxide sidedness on the heme.
A depiction of the molecular steps of NO binding to and dissociation from the heme in sGC. 

A) NO binds to the distal side of the heme with an association rate of k.1 to form species (2). 

Rupture of the proximal histidine iron bond with the rate of k.2 yields species (3). Note that 

k.2 is dependent on NO concentration, as shown in Fig. 4. To reverse this process, the 

proximal histidine rebinds to the heme with a rate of k−2, followed by the dissociation of NO 

from the distal side. B) For NO to bind on the proximal side of the heme, the distal 5c 

species must form first (as in A). Another molecule of NO binds to the proximal side of the 

heme with a rate of k3 to form species (4), followed by the cleavage of the distal NO−Fe 

bond with a rate of k4 to yield species (5). The reverse of this process requires either excess 

NO (to undergo the microscopic reverse), or another ligand (L) to bind to the distal side of 

the heme. Figure adapted from Ref. [66].
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Fig. 6. Kinetics of sGC transitions in the heme pocket.
The fate of the 5c iron-histidine species formed after laser photolysis of NO is depicted. A 6 

ns 532 nm laser pulse, indicated by the green bar, dissociates NO. The proximal histidine 

rebinds to the heme with a time constant of τ0, measured in a separate experiment. There are 

two routes through which the 5c His−Fe2+ species can proceed. In the route occurring at 

faster timescales (bottom), geminate recombination of NO occurs with a lifetime of 6.5 ns, 

followed by cleavage of the iron–histidyl bond with a life time of 0.66 [is. τ 1 and τ 2 do not 

depend on NO concentration. In the route occurring at longer timescales (top), NO from the 

solution diffuses into the heme pocket in a bimolecular process and binds to the heme with 

lifetimes of 50 is ≤ τ 3 ≤ 250 is, followed by cleavage of the iron-histidyl bond with 

lifetimes of 10 ms ≤ τ 4 ≤ 43 ms (NO concentration between 20 iM and 200 iM). Both τ 3 

and τ 4 are dependent on the NO concentration, consistent with the stopped-flow 

spectroscopy data in Fig. 4. Figure adapted from Ref. [30].
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Fig. 7. Blocking of sGC cysteines prevents full enzyme activation.
A) Experimental data showing that MMTS-treated sGC will not fully activate with excess 

NO but will activate to a certain extent with NO and a stimulator. B) MMTS does not affect 

the basal activity level of sGC. C) Treatment of the MMTS-labeled enzyme with DTT 

reverses the inhibition. D) The activity of the MMTS-treated sGC is comparable to the 

activity of the 1-NO state. Figure reprinted from Ref. [70].
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Fig. 8. sGC activation and deactivation in vivo.
A model that accounts for all available data of physiological sGC activation and deactivation 

is depicted. For ease of representation, the sGC state with basal activity is depicted in the 

conformation in which the β H-NOX contacts the α sGC CAT domain. It is not known how 

the overall quaternary structure of sGC changes upon NO binding. The first molecule of NO 

that sGC encounters will bind to the heme of the H-NOX domain with picomolar affinity 

and remain bound. Thus, the vast majority of sGC in cells will be in the ~15% active state 

(1-NO). With an increase in the NO cellular concentration, NO will interact with the second 

site, which has nanomolar affinity. The physiologically relevant sGC states are boxed. 

Although the location of the second site has not yet been located yet, it is depicted here in 

the PAS domains. The modulation between these two states accounts for the downstream 

effects of NO in cells, as well as the rapid activation and deactivation of sGC observed both 

with purified enzyme, in cells, and in tissues.
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